Rationale: Admission to an intensive care unit (ICU) may be beneficial to patients with pneumonia with uncertain ICU needs; however, evidence regarding the association between ICU admission and mortality for other common conditions is largely unknown.
Whether or not to admit a hospitalized patient to the intensive care unit (ICU) is a central question faced by clinicians caring for those with potentially severe illness. Hospitals vary widely and idiosyncratically in their rates of ICU use (1) , and there is little research to guide this decision. In fact, a large proportion of patients admitted to the ICU may not require ICU-level care (2) (3) (4) (5) . Although ICU admission can improve detection and rescue of patients likely to decompensate, the ICU may also lead to unnecessary and potentially harmful invasive monitoring and treatments (6) . Understanding which patients have the most to gain from ICU care is essential for optimizing the use of this costly resource (7) .
One analysis demonstrated that ICU admission conferred a mortality benefit for marginal patients with pneumonia, for whom ICU admission depended on the hospital to which they were admitted (8) . Because these patients might receive intensive care in some hospitals but general ward care in others, their need for the ICU may be considered uncertain, because clinicians might disagree about their indication for the ICU. These patients with pneumonia may benefit from the additional monitoring and resources that can be provided in an ICU setting, such as early, aggressive treatment (9-13) and greater attention from nurses (14, 15) .
Like pneumonia, many elderly Americans are hospitalized with exacerbations of chronic obstructive pulmonary disease (COPD), heart failure (HF), or acute myocardial infarction (AMI) (16, 17) . Although patients with these three conditions are frequently admitted to the ICU, there is great variability in the rates of ICU admission for these conditions across hospitals (18, 19) . We sought to determine the association between ICU admission and patients' outcomes, including mortality and costs, for all three conditions individually. Because we believed these conditions, largely chronic in nature, would see less benefit from ICU admission than pneumonia, an acute illness, we hypothesized that ICU admission would not be associated with a survival benefit but would come with greater costs.
Methods Data Source
We performed a retrospective cohort study of all acute care hospitalizations from 2010 
Study Cohort
Patients with COPD, HF, or AMI were analyzed separately. Patients with COPD were identified by the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) (1) primary diagnosis code for COPD exacerbation or (2) primary diagnosis code for acute respiratory failure and secondary diagnosis code for COPD exacerbation (see Table E1 in the online supplement) (20, 21) . Patients with HF were identified by ICD-9-CM primary diagnosis code for HF exacerbation (Table E1) (22) (23) (24) . Patients with AMI were identified by ICD-9-CM primary diagnosis code for acute MI (Table E1) (22, 25) . Admissions to hospitals without ICU capabilities, transfers from other acute care hospitals, patients admitted to intermediate ICU care, or patients with missing AHA data or ZIP codes were excluded. Each analysis was limited to the first hospitalization for individuals with multiple eligible hospitalizations in the same year ( Figures E1-E3 ).
Treatment Variable and Covariate Definitions
The treatment variable was ICU admission, defined as the presence of an ICU or coronary care unit revenue center code in the administrative billing record (26) . To account for differences between patients admitted to the ICU and those admitted to the wards, the multivariable and instrumental variable analyses adjusted for age, sex, race/ethnicity, median household income, comorbid illness, severity of illness, and year of admission. Median household income was defined by the patient's ZIP code of residence, using 2010 U.S. Census data. Preexisting comorbid illness was measured according to Elixhauser and colleagues (27) , and severity of illness was captured by using secondary ICD-9-CM diagnosis and procedural codes for acute organ dysfunction (28) , mechanical ventilation, respiratory failure, sepsis, shock, cardiac or respiratory arrest, and cardiopulmonary resuscitation. For the analyses of patients with acute exacerbation of COPD or HF, the model adjusted for a secondary diagnosis of pneumonia (29) .
The multivariable and instrumental variable analyses adjusted for hospital characteristics including hospital ownership (for profit, not for profit, government), medical school affiliation, teaching hospital status (resident-to-hospital bed ratio), hospital size by number of beds, ICU size by proportion of total hospital beds, annual hospital case volume for each condition, nursing ratio (nursing full-time equivalents [FTE] per 1,000 patient-days averaged over the entire hospital), proportion of Medicaid patients among all admitted patients, geographic region, and an index of a hospital's technological capacities (such as obstetrics, ICU care, emergency department, trauma center, open heart surgery, radiation therapy, computed tomography [CT], diagnostic radiology, magnetic resonance imaging, positron emission tomography, single-photon emission CT, ultrasonography, and transplantation service) (30) .
Outcome Measures
The primary outcome was 30-day all-cause mortality measured from the time of hospital admission. Thirty-day mortality was chosen as the primary outcome, rather than in-hospital mortality, because it is less biased by hospital discharge practices (31) (32) (33) . The secondary outcome included hospital costs, calculated as the patient's hospital charges multiplied by the hospital-specific annual cost-to-charge ratio (34) .
Instrumental Variable
To account for confounding by severity of illness, we used an instrumental variable analysis to test the effect of ICU admission on outcomes. An instrumental variable was necessary for the analysis because the decision for ICU admission is likely to be correlated with unmeasured severity of disease (i.e., sicker patients are more likely to be admitted to the ICU) (8); thus, standard multivariable regression results would produce biased estimates when compared
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with the instrumental variable model (8, 35) .
The instrument aims to adjust the probability that patients receive care in the ICU, unrelated to disease status or any other unmeasured factors related to the study outcomes. In this study, differential distance (8, 36) was selected as the instrument. Differential distance was calculated as the difference between (1) the distance from a patient's residence to the nearest "high-ICUuse" hospital and (2) the distance from a patient's residence to the nearest hospital of any type. In other words, the differential distance is the extra distance, if any, beyond the closest hospital a patient would have to travel to arrive at a high-ICU-use hospital. High-ICU-use hospitals were determined separately for each condition. The distribution of ICU admission rates was examined across all hospitals, and consistent with prior work (8) , high-ICU-use hospitals were empirically defined as those with an ICU admission rate for each condition in the top 40% of the included hospitals to include a broad sample of hospitals with higher use of the ICU, including those known to provide higher quality of care and those known to provide lower quality of care to patients, based on previous research (18, 37) . Distances were calculated using the linear arc distance function, which measures the number of miles between the centroids of two ZIP codes.
Differential distance was highly correlated with ICU admission (partial F 1,2681 = 330; P , 0.001) (Table E2) ; instruments with F statistics higher than 10 are considered strong (38) . As further evidence of the instrument's strength, when the overall median differential distance (4.1 miles; interquartile range, 0-18.4) was used to stratify all patients, ICU admission was much more likely among patients living near a hospital with high ICU admission than those living farther away (40% for patients living closer vs. 23% for patients living farther away). The instrument's validity was supported by tests showing a balancing of patient and hospital characteristics across the distribution of the instrument (Tables E3-E8 ), other than expected differences when using a distance instrument such as race and urbanicity (39) . The recommended approach to address these differences is to adjust for them in the instrumental variable model (39, 40) . The validity of the instrument for intensive care has also been demonstrated elsewhere (8) .
Interpreting the Instrumental Variable Results
Whereas the results of standard multivariable regression represent the adjusted treatment effect for the average patient, the results of the instrumental variable analysis represent the adjusted treatment effect for the so-called marginal patient. The instrumental variable analysis relies on the fact that patients reside randomly around hospitals, independent of their specific clinical characteristics. In this analysis, marginal patients are those who are admitted to the ICU only because they live closer to a hospital with high ICU use (8, 41) . Marginal patients might receive care in an ICU at one hospital or a general ward at another because ICU admission may be of uncertain benefit for these patients (8, 41) . Therefore, marginal patients may be interpreted clinically as those whose need for ICU admission is borderline, discretionary, or of uncertain benefit.
Statistical Analysis x 2 and t tests were used to evaluate associations between ICU admission and patient characteristics. Unadjusted analyses without covariates were performed by logistic regression for 30-day mortality and linear regression for hospital costs. To adjust for patient and hospital characteristics, multivariable logistic and linear regression models were used, adjusting for all above-mentioned covariates. Continuous variables were included by linear association. All regression models estimated robust standard errors with clustering at the hospital level.
In the instrumental variable analyses, we examined the association between ICU admission, 30-day mortality, and hospital costs, using two-stage least squares regression (8, 42) after adjusting for the same patient and hospital characteristics and estimating robust standard errors with clustering at the hospital level. The adjusted outcomes from the instrumental variable model represent the mean predicted difference in the probability of death at 30 days or hospital costs. Adjusted absolute differences in outcomes were estimated using predictive margins.
The method of Newhouse and McClellan was used to estimate the proportion of patients hospitalized who were admitted to the ICU solely because they presented to a high-ICU-use hospital (40) . In this approach, the percentage of patients for whom the instrumental variable analysis applies can be estimated by stratifying patients by median differential distance and subtracting the average rate of ICU admission between the two groups.
Sensitivity Analysis
To test whether our results for HF may be impacted by temporal changes in coding (43), we performed an instrumental variable analysis in which we included all patients with the ICD-9-CM (1) primary diagnosis code for HF or (2) primary diagnosis code for acute respiratory failure and secondary diagnosis code for HF.
Data management and analysis was performed with SAS version 9.3 (SAS, Cary, NC) and Stata version 14.1 (StataCorp, College Station, TX). All tests were twosided, with a P value less than 0.05 considered significant. The Institutional Review Board for the University of Michigan approved the study and provided a waiver of consent (HUM00053488).
Results
We identified 604,894 patients with COPD exacerbation admitted to 2,693 hospitals, 626,174 patients with HF exacerbation admitted to 2,691 hospitals, and 324,729 patients with AMI admitted to 2,673 hospitals from 2010 to 2012 (Figures E1-E3 ). Among these patients, 121,209 with COPD (20.0%), 154,445 with HF (24.7%), and 210,618 with AMI (64.9%) were admitted to the ICU. Among clinically meaningful differences between ICU and ward patients from Table 1 , patients admitted to the ICU were more likely to be aged between 65 and 75 years and male, and to be sicker by the number of failed organs. ICU patients were more likely to receive mechanical ventilation or cardiac catheterization, regardless of the condition. High-ICU-use hospitals were more likely to be for profit, larger, and with a higher proportion of ICU beds. High-ICU-use hospitals had lower average case volume for each condition than low-ICU-use hospitals (Table 2) .
In unadjusted analyses, individuals with COPD, HF, and AMI admitted to the ICU had greater 30-day mortality and
ORIGINAL RESEARCH
Valley, Sjoding, Ryan, et al.: ICU Admission for COPD, HF, or MIhospital costs compared with ward patients (Tables 3 and 4) . Differences between ICU and ward patients remained in regression models after adjusting for patient and hospital characteristics. In these models, ICU admission was associated with higher 30-day mortality for patients with COPD and HF (11.5 vs. 7.8%; 95% confidence interval [CI] of absolute difference, 3.4-4.1 for COPD; and 12.6 vs. 10.8%; 95% CI of absolute difference, 1.5-2.1 for HF) and lower mortality for patients admitted with AMI (15.4 vs. 17.2%; 95% CI of absolute difference, -2.1 to -1.5) (Table E9) . ICU admission was associated with higher hospital costs for COPD, HF, and AMI (Table E9) .
We estimated that approximately 17% of analyzed patients were admitted to the ICU solely because of their proximity to a high ICU hospital-that is, met our definition of marginal-as approximately 40% of patients (308,869 of 778,144) living near a high-ICU-use hospital were admitted to the ICU compared with 23% of patients (177,403 of 777,654) living near a low-ICU-use hospital (Tables  E3-E5 ). These numbers were 26 versus 15%, 34 versus 15%, and 77 versus 53% for COPD, HF, and AMI, respectively (Figure 1 ).
There were no significant differences in 30-day mortality associated with ICU admission for any of the three conditions in the instrumental variable analyses. For COPD, 30-day mortality for marginal Definition of abbreviations: AMI = acute myocardial infarction; COPD = chronic obstructive pulmonary disease; CPR = cardiopulmonary resuscitation; HF = heart failure; ICU = intensive care unit. *The Angus organ failure score identifies severity of illness by patient organ failures derived from the administrative record, with a maximum score of six.
Higher scores indicate more organ failures.
patients admitted to the ICU was 8.3% compared with 8.6% for patients admitted to the general ward (95% CI of absolute difference, -3.5 to 2.8; P = 0.84) ( Table 3) . For HF, 30-day mortality for marginal patients admitted to the ICU was 12.1% compared with 11.0% for patients admitted to the general ward (95% CI of absolute difference, -0.4 to 2.6; P = 0.14) ( Table 3) . For AMI, 30-day mortality for marginal patients admitted to the ICU was 15.9% compared with 16.3% for patients admitted to the general ward (95% CI of absolute difference, -2.2 to 1.4; P = 0.65) ( Table 3) . ICU admission was associated with significantly greater hospital costs in the instrumental variable analyses for patients with HF ($11,793 vs. $9,185; 95% CI of absolute difference, $1,377-$3,840; P , 0.001) and AMI ($19,513 vs. $14,590; 95% CI of absolute difference, $2,665-$7,180; P , 0.001), although there were no significant differences for patients with COPD (95% CI of absolute difference, -$1,750 to $2,304; P = 0.79) ( Table 4) .
In our sensitivity analysis assessing whether temporal changes in coding may affect the HF results, we identified 720,141 patients of whom 219,633 (30.5%) were admitted to the ICU. Instrumental variable results demonstrated no significant difference in 30-day mortality and greater hospital costs associated with ICU admission, consistent with our primary results (Table E10 ).
Discussion
ICU admission was not significantly associated with a survival advantage at 30 days for marginal patients hospitalized with COPD exacerbation, HF exacerbation, or acute MI (those for whom ICU admission depended on the hospital to which they presented). Hospital costs were substantially higher among patients with HF and AMI admitted to the ICU compared with those admitted to the Definition of abbreviations: AMI = acute myocardial infarction; COPD = chronic obstructive pulmonary disease; FTE = full-time equivalents over the entire hospital; HF = heart failure; ICU = intensive care unit. *High-ICU-use hospitals were defined as hospitals with an ICU admission rate for each condition in the top 40% of all hospitals over the 3-year period. † Weighted sum of hospital capabilities, including obstetrics, ICU care, emergency department, trauma center, open heart surgery, radiation therapy, CT, diagnostic radiology, magnetic resonance imaging, positron-emission tomography, single-photon emission CT, ultrasonography, and transplantation service.
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Valley, Sjoding, Ryan, et al.: ICU Admission for COPD, HF, or MIgeneral ward, although health care costs varied depending on the condition. These findings suggest that the ICU may be overused for some patients with COPD, HF, or AMI with an uncertain indication for intensive care, and opportunities exist to decrease health care costs by reducing ICU admissions for certain patients.
The concept of "intensive care" differs from hospital to hospital and from patient to patient. For instance, some patients may be admitted to the ICU for close monitoring whereas others may be admitted for life support. For this reason, many may consider intensive care a heterogeneous treatment and may question how an instrumental variable analysis accounts for such a mixed exposure. Although individual treatments may differ between patients and between hospitals (1), the ultimate goal for all clinicians in admitting a patient to the ICU is to reduce their likelihood of death. Other well-designed instrumental variable analyses in critical care were performed with heterogeneous exposures such as hospital admission volume (44), hospital transfer (45) , and stroke center admission (46) . This heterogeneity only highlights the need to further understand the mechanism underlying the benefit of the ICU, and this work underscores that the benefit of the ICU may depend on the condition.
This study contrasts an analysis in which ICU admission for marginal patients with pneumonia was associated with lower (by six percentage points) 30-day mortality compared with general ward admission, without significant differences in costs (8) . There may be several possibilities that account for the discrepant findings between these studies. Ultimately, the benefit of the ICU may depend on the condition. Pneumonia is the most common cause of sepsis (47) , and evidence suggests that early and aggressive resuscitation for sepsis, often begun in the emergency department and continued in the hospital, may reduce mortality (48) . This type of care may be more readily provided in an ICU than in a general ward (9) (10) (11) (12) . Timely interventions and catheterization most certainly reduce mortality for AMI; however, these treatments are typically performed before ICU or general ward admission (49) . The ICU has the capability to provide closer monitoring of patients (14) , and perhaps, patients with pneumonia are at greater risk of decompensation than patients with COPD, HF, or AMI. Late admission to an ICU for pneumonia has been associated with worse outcomes (11); however, this relationship has not been studied in COPD, HF, or AMI.
Prior studies evaluating the association between ICU admission and outcomes for patients with COPD, HF, or AMI used traditional risk adjustment and demonstrated that ICU admission was associated with increased mortality (50) (51) (52) (53) (54) . However, traditional risk adjustment techniques fail to fully address confounding in scenarios where treatment administration is strongly associated with severity of illness (55) . This study addresses the potential for Definition of abbreviations: AMI = acute myocardial infarction; CI = confidence interval; COPD = chronic obstructive pulmonary disease; HF = heart failure; ICU = intensive care unit. *Model adjusted for all variables in Tables 1 and 2 in addition to all 29 individual Elixhauser comorbidities. The Angus organ failure score, which identifies severity of illness by patient organ failures derived from the administrative record with a maximum score of six, was defined to include all organ failures numbered 0 to 5 or more. Higher scores indicate more organ failures. Hospital region included the nine U.S. census defined regions. All standard errors for models were adjusted for clustering of patients within hospitals. † Two-stage least-squares regression of all patients, using differential distance to nearest high-ICUuse hospital as instrumental variable, adjusted for all variables in Tables 1 and 2 , and for clustering of patients within hospitals. Definition of abbreviations: AMI = acute myocardial infarction; CI = confidence interval; COPD = chronic obstructive pulmonary disease; HF = heart failure. *Model adjusted for all variables in Tables 1 and 2 in addition to all 29 individual Elixhauser comorbidities. Angus organ failure score, which identifies severity of illness by patient organ failures derived from the administrative record with a maximum score of six, was defined to include all organ failures numbered 0 to 5 or more. Higher scores indicate more organ failures. Hospital region included the nine U.S. census defined regions. All standard errors for models were adjusted for clustering of patients within hospitals. † Two-stage least-squares regression of all patients, using differential distance to nearest high-ICUuse hospital as instrumental variable, adjusted for all variables in Tables 1 and 2 , and for clustering of patients within hospitals.
unmeasured confounding by using instrumental variable analyses and focuses on the marginal population, consisting of patients with an uncertain indication for ICU admission. In our study, there were notable differences between the effects measured for average patients using traditional regression and for marginal patients, using instrumental variable analyses.
In the instrumental variable analysis, hospital costs for HF and AMI were greater by one-third with ICU admission than with general ward admission. We estimated that approximately 20-25% of patients hospitalized with HF or AMI might be considered marginal. Combined with the lack of mortality benefit seen in patients with these conditions, these findings suggest that there is a substantial population of patients who are admitted to the ICU but could potentially be cared for in the general wards, resulting in higher health care costs.
It is important to note that the findings of this study apply only to marginal patients, for whom the likelihood of ICU admission depended solely on the hospital to which they presented. Although these patients cannot be distinctly identified from the instrumental variable analysis, these are likely to be patients with a moderate risk of death. Our results suggest that nearly one of five hospitalized Medicare patients with COPD, HF, or AMI would be considered marginal, receiving different levels of care based solely on the hospital. The specific characteristics of these patients could not be identified in this analysis, and further research is necessary to assist clinicians in identifying these patients. These results should not, however, be applied to patients with obvious needs for the ICU, such as those requiring mechanical ventilation or vasopressor support, or to patients for whom ICU admission is clearly not indicated, such as low-risk admissions (41) .
This study should be interpreted in the context of several limitations. First, administrative data were used, which may underidentify or improperly identify patients (26) . However, patients were selected on the basis of well-established definitions from epidemiologic research (24, 25, 56) . Second, it cannot be proven that the instrument fully addresses unmeasured confounding (27, 28) ; however, the instrument has been previously used (8) and demonstrated covariate balance, with differences that would be expected for a distance instrument, such as with race and urbanicity (39) . Third, because the analysis includes only Medicare beneficiaries, it may not generalize to a younger population of patients. Fourth, the reason for ICU admission and timing of ICU admission within a hospitalization was not available. In addition, clinical variables useful to understanding triage decisions were not present. Furthermore, because of limitations of the instrumental variable analysis, we cannot currently identify the specific characteristics of marginal patients objectively, in a way suitable for bedside use. Finally, the costs examined in this study are related to hospital charges and do not include physician, facility, or outpatient payments related to the hospitalization.
These results may have important implications for health system leaders and policy makers. Improving the efficiency of intensive care is vital to any restructuring of the American health care system, given the substantial resources associated with its use (57, 58) . Attempts to constrain national ICU capacity, however, must be preceded by evidence that withholding ICU care will actually reduce costs without worsening outcomes for vulnerable patients. Although patients with pneumonia with uncertain ICU needs may obtain a survival advantage with ICU admission, this pattern appears to be condition-specific, as it does not extend to patients with COPD, HF, or AMI. These findings suggest that some patients with COPD, HF, or AMI without obvious ICU indications may be reasonably cared for in either the ICU or the general ward. Identifying these patients who do not benefit from ICU admission could reduce costs while improving health care efficiency. n (40) . Marginal patients were admitted to the intensive care unit (ICU) solely because they lived proximally to a high-ICU-use hospital. After stratifying patients by each condition's median differential distance, patients who were admitted to the general ward, despite living close to a high-ICU-use hospital, were considered patients who would always be admitted to the general ward, regardless of hospital. Patients who were admitted to the ICU, despite living far from a high-ICU-use hospital, were considered patients who would always be admitted to the ICU, regardless of hospital. The difference between these two groups provides the estimated marginal patient population, those who might be admitted to the ICU or to the general ward depending on the hospital. AMI = acute myocardial infarction; COPD = chronic obstructive pulmonary disease; HF = heart failure.
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